Assimilate availability and the capacity to utilise them in the reproductive structures to a large extent determine reproductive sink establishment and yield of crops under drought stress. This study was carried out to investigate the effect of drought stress imposed at early pod-fill stage on seed sink strength of common bean (Phaseolus vulgaris L.) genotypes differing in drought resistance. Quantitative and qualitative changes in leaf protein patterns was assessed using 2D-gel electrophoresis. A drought-resistant inbred line (SEA 15) and a droughtsusceptible cultivar (BrSp) were grown under non-stress and drought stress conditions in a vegetation hall during the summer of 2004. Drought stress commenced at early pod-filling stage caused 53 and 30% seed yield reductions in BrSp and SEA 15, respectively. The effect of drought on seed yield was primarily due to the significant reduction in number of seeds per plant (48% for BrSp vs. 35% for SEA 15). Whereas seed sucrose concentrations of BrSp decreased by 29 to 47% under drought conditions, the stress resulted in an increase (up to 43%) in concentration of the carbohydrate in SEA 15 seeds. Despite the genotypic difference found for seed sucrose import, seed starch accumulations of the two genotypes decreased under drought stress. For both genotypes, none of the seed sink capacity parameters (numbers and volumes of cotyledonary cells and starch granules per seed) were significantly affected by the stress imposed implying that the drought-induced decrease in seed starch accumulation could be due to limitations in assimilate availability and/or other sink activity factors within the seed. A total of 230 leaf proteins were differentially expressed due to drought out of which 23.5, 15.1, 4.3 and 3.5% were down-regulated, up-regulated, newly appeared and disappeared, respectively. Identification and assigning possible functions in the crop's response to drought of the stress-induced proteins warrant further study.
INTRODUCTION
As most of common bean (Phaseolus vulgaris L.) production in the developing world occurs under conditions of significant drought stress, average global yield of the crop is estimated at less than 900 kg ha -1 (Singh, 2001) . Reports on drought-induced reduction in seed yield of the crop are highly variable due to differences in the timing and intensity of the stress imposed and the genotypes used (Ramirez-Vallejo and Kelly, 1998) . Seed yield-based genotypic differences for drought resistance are frequently reported (Terán and Singh, 2002) . The reductions are attributed to adverse effects of the stress on individual yield components.
Drought stress decreases photosynthetic rate, thereby decreasing the amount of assimilates available for export to the sink organs (Kim et al., 2000) . Drought can also affect carbohydrate metabolism in plant reproductive organs (Liu et al., 2004) . For example, Setter et al. (2001) found higher or at least similar levels of sucrose in maize ovaries between drought-stressed and wellwatered controls. These results imply that, in addition to assimilate availability per se, the capacity for utilising them in the reproductive structures may also be affected under drought stress.
Differences in drought resistance among genotypes of different resistance levels are often related among others to the ability to establish new sink under drought stress (Koç et al., 2003) . In line with this, drought stress, when initiated during the reproductive phase, may differentially affect the reproductive sink strength (i.e. capacity to establish new sink) of common bean genotypes differing in drought resistance. Genotypic differences in reproductive sink strength, in turn could, be attributed to the differential effect of drought on the availability and subsequent metabolism of assimilates in the reproductive sink organs.
Drought-induced limitation on seed sink capacities (numbers and volumes of storage organelles) may also differentially hinder seed sink strength leading to reduced accumulation of storage products such as starch and protein.
Thus, drought-induced changes in carbohydrate status and metabolism in crop reproductive structures are crucial for successful fruit set. In addition to photosynthate supply, decrease in water potential and higher absisic acid (ABA) accumulation in the reproductive structure of plants subjected to drought may also contribute to the loss of fruit or seed set (Liu et al., 2004) .
In addition to the physiological and biochemical responses of plants to water stress, the information on the molecular mechanisms of drought stress adaptation could be useful for the genetic improvement of drought-resistant crops/ genotypes. Proteomics are a recent addition to the molecular tools used to analyse droughtaffected plants (Salekdeh et al., 2002) , and have been applied to the study of drought response of several crop plants including barley (NeslihanOzturk et al., 2002) and maize (Riccardi et al., 1998) .
Water deficit induces the expression of proteins that are directly or indirectly related to the stress and some functions have been assigned to some of the sequenced proteins (Neslihan-Ozturk et al., 2002) . Among the stressinduced proteins identified, are those implicated in the biosynthesis of osmolytes (Ishitani et al., 1995) , in the uptake and compartmentation of ions (Lisse et al., 1996) , in hydroxyl-radical scavenging (Ingram and Bartels, 1996) and protection of cellular structure (Neslihan-Ozturk et al., 2002) . Proteins that show significant downregulation under drought stress were observed for photosynthesis-related function (NeslihanOzturk et al., 2002) . Changes in protein patterns induced due to drought play a pivotal role in the adaptive response of plants to the stress (Riccardi et al., 1998) . In line with these findings, drought stress initiated at different growth stages may induce quantitative and qualitative changes in bean leaf proteins.
The objective of this study was to (i) investigate the differential effect of drought stress on seed sink strength of common bean (Phaseolus vulgaris L.) genotypes differing in degree of drought resistance, and (ii) determine drought-induced quantitative and qualitative changes in leaf protein patterns of the crop. Experimental procedure and design. The two genotypes were grown under non-stress (control) and drought stress initiated at early pod-fill stage during the summer of 2004 at experiment station of the University of Giessen, Germany. Drought stress was imposed by withholding the amount of water applied in order to keep the soil moisture level at about 30% of the maximum water-holding capacity (WHC). For non-stressed (control) treatments, the soil moisture was maintained at 70% of the maximum WHC until the plants were harvested.
MATERIALS AND METHODS

Plant
Seeds of the genotypes were grown in Ahr pots filled with 13 kg of Kleinlindener soil. At planting, the soil was fertilised with Blaukorn (12.0% N, 5.2% P, 14.1% K, 1.2% Mg and 6.0% S). Eight seeds per pot were initially sown and later thinned to four plants when the first trifoliate leaves were unfolded. Plants were raised in a vegetation hall. The pots were weighed daily and watered to restore the appropriate moisture by adding a calculated amount of water. For both experiments, the treatments were laid in a completely randomised designed with four replications.
Data collection. Data were collected on seed yield per plant, number of productive pods per plant, and number of seeds per pod. Hundred seed weight (HSW) was determined on seeds randomly sampled from all plants harvested per pot. Harvest index (HI) was calculated as the proportion of seed weight to the above-ground plant at harvesting dry weight (stem + leaves + pod + seed) at harvest. Harvested pods were categorised into two groups, namely, productive pods (Pr-P) and aborted pods (Ab-P). The classification of pods was based on length attained and whether or not the pods bore seeds at harvesting. Productive-pods were defined as pods longer than 5 cm (for the harvest made at 5 d stress), and bore at least one seed per pod (for the harvests made at 10 and 20 d stress). During the course of pod development, it was observed that the underdeveloped pods (whether dropped off the plant or loosely hanging to the reproductive branches) had less than 5 cm length. These pods were considered as aborted pods (Ab-P). Also, pods that grew to a length of more than 5 cm but did not possess typical and healthy seeds (usually found at 10 and 20 d stress) were regarded as aborted pods.
Chemical analysis. For seed sugar and starch analyses, samples were obtained from the harvests made at 5, 10 and 20 d after the commencement of drought stress. The various plant parts were dried separately at 80 o C for 48 h and finely ground materials were used for the chemical analyses.
Sugars: Three-hundred mg ground plant material was weighed into a 50 ml volumetric flask and 30 ml of double-demineralised water was added. The material was then extracted by incubating in a shaking water bath at 60 o C for 30 min. The flask was quickly cooled on ice, and filled up to the mark with double-demineralised water followed by filtration with (blue-band) filter paper (Faltenfilter 595 1/2 , Scheicher and Schüll Co., Dassel, Germany). Sugars (sucrose, glucose and fructose) were determined by using enzymatic test kits and absorbances of the solutions were read at 340 nm.
Starch:
Starch determination was performed following enzymatic assay procedure using the starch determination kit from Boehringer (Mannheim, Germany). Homogenised ground seed and leaf samples of 300 mg were weighed into Erlenmeyer flasks, and 20 ml of dimethylsulfoxide and 5 ml HCl (8 mol l -1 ) were added. The sealed flask was then incubated for 30 minutes at 60 o C in a shaking water bath. The sample solutions were cooled quickly to room temperature and approximately 50 ml water was added. The pH was adjusted to 4-5 with sodium hydroxide (5 M) under vigorous shaking. The solution was then transferred to a 100 ml volumetric flask, rinsed with water, filled up to the mark with water and filtered using Faltenfilter 595 1/2 (Scheicher and Schüll Co., Dassel, Germany).
ABA:
Metabolite extraction from freeze-dried sink (young fully expanded) leaves of two common bean genotypes were performed following the method used by Wang et al. (2002) . Extracts were passed through a Sep Pak C18-cartridge. Methanol was removed under reduced pressure and the aqueous residue was partitioned three times against ethyl acetate at pH 3.0. The ethyl acetate of the combined organic fractions was removed under reduced pressure. The newly obtained residue was taken up in TBS-buffer (Tris buffered saline; 150 mmol L -1 NaCl 1 mmol L -1 MgCl 2 and 50 mmol L -1 Tris at pH 7.8) and subjected to an immunological ABA assay (ELISA) as described earlier (Mertens et al., 1985) .
Numbers and sizes of cotyledonary cells and amyloplasts.
The number and sizes of cotyledonary cells and amyloplasts were determined on 10 randomly selected seeds per replication obtained from the last harvest (20 d stress). Seed volume was obtained using Archimedes principle (Wessel-Beaver et al., 1984) . Dried bean seed weight was determined immediately before measurement of seed volume. Seeds were softened by soaking in distilled water for one night and then separated into seed coat, cotyledons and embryonic axes. The cotyledons were cut into small pieces, dried at 104 °C for 24 h, and dry weights determined. The cotyledon samples were then immersed in an enzymatic solution (sorbitol 0.45 M; MgCl 2 10 mM; KH 2 PO4 1 mM; MES 20 mM; Macerozyme® R-10 1%; pH 5.6) under vacuum conditions for ca. three minutes. The samples were then placed in an oven at 37 °C for 72 h and then macerated gently with mortar and pestle.
Macerated cells were separated on a 300 µm nylon mesh to obtain a homogeneous 100 ml cotyledonary cell suspension. Parts of the cell suspensions were transferred to a 20 ml tube and vortexed before transferring 2 µl aliquots with a micropipette to the middle of a counting grid on a hemacytometer (Medicihaus, Berlin). A cover slip was applied and moved in a circular motion to evenly distribute the cells. Cells were counted under a microscope (Leitz, Wetzlar, Germany) at 25´ magnification, and the counts were taken from the four outer squares of the counting chamber (each 1 mm 2 ) for four aliquots for each cell suspension. Computational procedures used for the determinations of numbers and volumes (areas) of cotyledonary cells and amyloplasts are detailed in Gebeyehu et al. (2006) .
From the same aliquot used for cell counts, 1 ml was removed from the suspension and diluted with an equal volume of an iodine solution (3.3 g l -1 I 2 + 6.7 g l -1 KI) to stain the starch granules. Stained starch granules (amyloplasts) were counted on a hemacytometer (Medicihaus, Berlin) at 40´ magnification. The counts were multiplied by the number of cotyledonary cells to determine number of amyloplasts per seed. The same solution used for the determination of number of amyloplasts was used for measuring the size of the granules. Approximately 3 to 5 µl of the solution was transferred to the middle of a slide on a microscope (LEICA DM IRB, LUDL electronics, NY) equipped with a digital camera (CoolsnapCF, Photometrics). Pictures of 15 to 20 randomly selected cells observed under microscope were visualised on the computer screen and the sizes of 3 to 15 granules per cell with distinct boundaries from the neighbouring amyloplasts were measured using Meta Vue Software (Universal Imaging Corporation). The distance for measurement was calibrated at 40 x magnification (0.11625 µm pixel -1 ).
Proteomic analysis. Proteins were prepared for isoelectric focusing using a DTT-TCA-acetone precipitation method adopted from Zörb et al. (2004) . Plants of the genotype BrSp grown under non-stress and drought stress imposed at vegetative growth stage were used for the analysis. Mature leaf material was disrupted by grinding the tissue under liquid nitrogen in a mortar. Ground powder was stored at -80 °C. Protease activity was inhibited by lowering the temperatures of the cell material (4 °C) and the use of strong denaturants, such as urea and TCA, in the protein sample buffer supplemented by the use of the protease inhibitor Pefablock. Up to 1.6 ml lysis buffer (10% TCA in acetone) was added to ¾-filled ground tissue in a 2 ml Eppendorf tube.
After vortexing, samples were incubated for 15 minutes in an ice-cold ultrasonic bath and incubated at -20 °C for 1 h or overnight before centrifugation (20,000 g, 15 minutes 4 °C). The precipitant was resuspended in 1 ml 4 °C cold buffer A (50 mM DTT; 2 mM EDTA, in acetone).
Samples were incubated for 10 min in an icecold ultrasonic bath. This procedure was repeated twice. Pellets were lyophylised under N 2 . The collected pellets were resuspended in 1 ml protein sample buffer (8 M urea, 2 M thiourea, 0.5% pharmalyte buffer (v/v, pH 3-10); 4% CHAPS; 30 mM DTT; 20 mM Tris-base, pH 8.8; 5 mM Pefablock). For solubilisation of proteins, samples were incubated for 2 h at 33 °C and for 15 min in an ice-cold ultrasonic bath. After vortexing, samples were centrifuged (18000 g, 30 minutes) and the supernatant was subjected to isoelectric focusing (IEF). Protein concentration was determined in 1:50 dilutions of the samples according to the 2D QUANT protein determination kit from Amersham Biosciences.
Two-dimensional gel electrophoresis was done following the method described by Zörb et al. (2004) . IPG strips (11 cm, pH 3-10, Amersham Biosciences) were placed in the trays and 200 µl of the protein solution (150 µg protein) were applied. Strips were covered with paraffin oil. IEF was carried out in a IPGphor chamber (Amersham Biosciences) applying the following conditions: 10 h rehydration; 100 V, 2 h; 500 V, 1 h; 1000 V, 2 h; 8000 V, 2 h. Temperature was 20 °C and current was 45 µA per strip.
After running the first dimension, the strips were placed in equilibration buffer (50 mM TrisHCl, pH 8.8; 6 M urea; 30% glycerol; 2% (w/v) SDS; bromophenol blue, 0.001% (w/v) containing 1% DTT (w/v)) and carefully shaken for 15 min. Thereafter, the strips were incubated for additional 15 minutes in equilibration buffer with 4% (w/v) iodoacetamide without DTT under slow agitation. The strips were then rinsed with SDS-PAGE running buffer (25 mM Tris-base; 192 mM glycine; 0.1% (w/v) SDS) for 15 minutes.
The second dimension SDS gels contained 12.5% (v/v) acrylamide. Molecular weight standards in a range from 10 to 220 kDa were obtained from Invitrogen. The marker lane was positioned at the acidic side (pH 3) of the gel. Strips and marker dyes were mounted onto the gel surface and sealed with 1% (w/v) agarose containing 0.001% (w/v) bromophenol blue. The second dimension was run at 20 °C and with a constant current of 45 mA per gel in a Hoefer (20 cm ´ 20 cm) vertical gel electrophoresis chamber. Electrophoresis was stopped when the bromophenol blue left the gel and thereafter the gels were fixed with 50% ethanol and 12% acetic acid.
Staining and computer analysis. Coomassie staining was done according to a hot-staining protocol with Coomassie R350 tablets (Westermeier and Naven, 2002) . Gels were digitised by scanning on an image scanner (Amersham Biosciences) with 300 dpi and 16 bits per pixel. The Coomassie-stained gel replicates for each of the drought-stressed and nonstressed treatments were fused and subsequent spot quantification was performed using Delta2D software (version 3.3) (Decodon, Greifswald, Germany). Matching of protein/peptide spots was performed manually. The most interesting spots in terms of expression levels (up-or downregulated by at least the factor of 2 or newly appearing or disappearing) were displayed using the statistical tools option of the software.
Data analysis. Data were subjected to analysis of variance (ANOVA) using the statistical package MSTAT-C, developed by Michigan State University (MSTAT-C, 1989) . Means of the significant treatments were separated using the least significant difference (LSD) at 5% level.
RESULTS AND DISCUSSION
Seed yield and yield components. In both genotypes, drought stress imposed at early podfilling stage resulted in significant seed yield reduction (Table 1) . Drought stress that lasted for 20 d resulted in 53 and 30% seed yield reductions in BrSp and SEA 15, respectively. The effect of drought on seed yield was primarily due to the significant reduction in number of seeds per plant (Table 1 ). The smaller numbers of seeds per plant under stress for BrSp (20 under drought vs. 41 under control) were ascribed to the significant decrease by about 26% in the numbers of pods per plant and ca. 28% reduction in numbers of seeds per pod. For SEA 15, however, the reduction in the number of seeds per plant was due mainly to ca. 25% less number of productive pods retained per plant.
SEA 15 had higher relative yield than with BrSp, at similar levels of drought stress ( Table 1) , implying that the former genotype was more drought resistant. The number of pods per plant, followed by seeds per pod were the most affected yield components under drought stress (Table  1) . This is consistent with reports on other legumes including common bean (Leport et al., 2006) . Drought-induced abortion of pods for BrSp and SEA 15 was approximately two-third and 50% of the initial pod set, respectively. In line with the suggestions of Daie (1996) , the higher rate of pod abortion found for BrSp may be due to limited assimilate supply under drought conditions (Fig. 2) .
Assimilate availability and ABA accumulation.
Drought stress did not alter the sucrose concentration in the productive pods of the two bean genotypes (Fig. 1) . On the other hand, productive pod hexose sugar concentration was suppressed due to drought for BrSp but not for SEA 15 (data not presented). When compared with the productive pods, sucrose concentrations in the aborted pods of BrSp were 16 -36 and 23 -62% of that of the control and drought-stressed plants of the genotype, respectively (Fig. 1) . Likewise, aborted pod sucrose concentrations for SEA 15 were only 10 -23 and 14 -33% of the concentrations found in the productive pods of the non-stressed and drought-stressed plants of the genotype, respectively. Figure 1 . Productive pods (Pr-P) and aborted pods (Ab-P) sucrose concentrations of two common bean genotypes grown under drought stress initiated at early pod-filling stage and non-stress growth conditions. BrSp SEA15 Figure 2 . Effect of drought stress imposed during the vegetative phase on sink leaf abscisic acid (ABA) concentrations of two common bean genotypes. * , ** Indicate significant differences between drought stressed and control treatments at 5 and 1% levels of probability, respectively, according to t-test.
In BrSp, similar levels of sucrose found in the pods of stressed plants with those grown under non-stress conditions could be due to the inhibition of the hydrolysis of incoming sucrose, because hexose sugar concentration in the same reproductive organ was significantly lowered under drought stress (data not presented). The failure to set reproductive sinks under drought stress in several grain crops is often associated with higher sucrose to hexose ratio caused by ** * decreased invertase activities in the reproductive structures (Setter et al., 2001; Liu et al., 2004 ). In the above context, we suppose that in addition to sucrose availability, the capacity for utilising the assimilate may have been differently affected in the two bean genotypes under drought stress. The variation in sink strength (ability to metabolise imported sucrose by the pods) may, therefore, partly explain the observed genotypic difference in the establishment and growth of reproductive structures under drought conditions. As depicted in Figure 1 , sucrose concentrations in aborted pods of the genotypes were 2-3 times lower than the concentrations in the corresponding productive pods under both soil moisture regimes. Therefore, it is possible that the underlying mechanisms controlling pod abortion in non-stressed bean plants are simply enhanced under drought stress. Five days after the initiation of drought, both genotypes accumulated significantly large amounts of ABA in sink (expanding) leaves (Fig.  2) . Relative to the corresponding non-stressed treatments, drought stress increased sink leaf ABA concentration of BrSp by ca. six-fold compared with only about two-fold for the drought-resistant genotype, SEA 15 (Fig. 2) .
Drought-induced increase in ABA concentration of sink leaves (Fig. 2 ) was in line with previous reports on the accumulation of the plant hormone in young expanding leaves of other water-stressed plants (Alves and Setter, 2000) . Despite comparable ABA accumulation in drought-stressed plants of the two genotypes, the increase was markedly higher for BrSp (drought-susceptible) than for SEA 15 (droughtresistant).
In soybean subjected to drought stress, flower and pod ABA concentration linearly correlated with xylem and leaf ABA concentrations, indicating that root-originated ABA and/or leaf ABA were the likely sources of ABA accumulated in the pods (Liu et al., 2003) . Similarly, Nayyar et al. (2005) found that a droughtsusceptible chick pea cultivars that had higher rates of flower and pod abortion accumulated higher ABA than drought-tolerant ones, when subjected to drought stress. We suppose that sink leaf ABA correlates with pod ABA concentration. The differences in ABA accumulation due to drought relative to nonstress conditions (higher for BrSp compared with SEA 15) may partly explain the differences found in pod abortion between the two bean genotypes. Studies have shown that ABA accumulation in reproductive organs during early developmental inhibits cell division and subsequent abortion or failure to set seed (Wang et el., 2002) .
Carbohydrate import and utilisation in the seed. Varietal differences were found in terms of the level of sucrose available for metabolism in the seeds under drought stress conditions (Fig. 3) . In BrSp, drought initiated at early pod-filling stage (5 d stress) caused ca. 29 to 47% (10 d stress) reduction in seed sucrose concentration relative to the non-stressed plants. On the contrary, seed sucrose concentrations for SEA 15 increased significantly by about 43 (at 10 d stress) and 19% (20 d stress) as a consequence of the drought stress imposed during similar period.
Sucrose metabolism is pivotal in seed development and is particularly susceptible to drought stress (Pinheiro et al., 2005) . The decrease in seed sucrose concentration due to drought at all durations of stress in BrSp (Fig. 3) , reflected the lower availability of the assimilate at source level. A direct relationship between sucrose availability and export rate at source level and the establishment of new sink organs has been shown for several crops (Setter et al., 2001; Liu et al., 2004) . In line with these reports, we suppose that the higher decrease in sink size (number of pods and seeds) of the droughtsusceptible genotype due to drought stress is partly attributed to reduced availability of the assimilate at source level (Ho, 1988) .
Although a genotypic difference was evident for the length of the stress period at which the effects began to manifest, seed starch concentrations of both bean genotypes were decreased under drought stress (Fig. 4) . Droughtinduced decrease in seed starch accumulation was more consistent across the stress period considered for BrSp than for SEA 15. In BrSp, drought stress at 5 and 20 d resulted in 16 and 18% less seed starch concentrations than the corresponding non-stressed plants (Fig. 4) . On the other hand, drought stress that lasted up to 10 d did not affect seed starch accumulation of the drought-resistant genotype, SEA 15. When the stress period was prolonged to 20 d, seed starch concentration of the genotype decreased by ca. 20% relative to the control treatment (Fig.  4) .
Irrespective of the variation in sucrose availability in the seeds, drought-induced decrease in seed starch accumulation differed between the genotypes. The drought-induced decreases in seed starch concentration of BrSp were observed at all harvesting times (5 to 20 d stress) (Fig. 4) corresponding with seed sucrose levels measured during similar periods.
In wheat endosperm, Jenner et al. (1991) found a similar relationship between the two seed carbohydrates that the rate of storage starch accumulation was a function of the concentration of sucrose. Based on these relationships, it appears that shortage of assimilate (sucrose) could be one of the prime factors responsible for the reduced starch accumulation in the seeds of the drought-susceptible bean genotype. On the contrary, reduced seed starch concentration found in SEA 15 (only at 20 d stress) (Fig. 4) was not accompanied by a decrease in seed sucrose level, thus concurring with similar results reported for other crops (Brooks et al., 1982) . These results imply that, apart from assimilate availability, drought stress may induce other factors that contribute to decreased seed starch synthesis. Limitations of sink activities due to the inhibition of the activities of key enzymes of sucrose metabolism, invertases and sucrose synthase (Weber et al., 2005) , and starch synthesis (ADP-glucose pyrophosphorylase and starch synthase) (Ho, 1988) have been cited as principal factors responsible for reduced starch synthesis under drought situations.
Number and volume of cotyledonary cells, and amyloplasts. Drought stress affected neither the number nor the volume of cotyledonary cells per seed of the two common bean genotypes (Table  2) . On the other hand, drought stress decreased the number of starch granules (amyloplasts) per seed, although the reductions were not significant for both genotypes ( Table 2 ). The total estimated area of the starch granules decreased significantly due to drought stress (ca. 42% for BrSp vs. 33% for SEA 15) compared with nonstresses plants of the genotypes.
By measuring the number of storage cells and the storage organelles within the sink, the physical constraint upon a sink organ's assimilate import and metabolism (sink size) can be ** Indicate significant differences between drought stressed and control treatments at 1% levels of probability, respectively, according to t-test.
determined (Ho, 1988) . Under both soil moisture regimes, SEA 15 had larger numbers of cotyledonary cells and amyloplasts per seed than BrSp ( Table 2) . The numbers and volume of cotyledonary cells were unaffected by drought stress for both genotypes (Table 2 ). Our findings are in agreement with the reports of Brooks et al. (1982) , but deviate from that reported by Nicolas et al. (1985) for wheat plants subjected to low moisture stress during the reproductive growth. Drought stress caused a slight reduction in the number of amyloplasts per seed, but substantially decreased the area of the starch granules per seed for both genotypes ( Table 2) . Restriction of starch granule size expansion, therefore, appears to be the major limiting factor of seed starch accumulation under drought stress, attesting similar results reported for cassava (Santisopasri et al., 2001) .
Leaf protein.
A total of 550 different leaf proteins were detected by two-dimensional gel electrophoresis. Out of the proteins detected, 230 were differentially expressed due to a 10-day drought stress initiated during the vegetative phase (Table 3 ). The number of down-regulated proteins (23.5% of total proteins detected) exceeded that of up-regulated ones (15.1% of total proteins). Furthermore, stress induced the appearance of 10 new proteins, whereas 8 proteins disappeared compared with the non-stressed plants. Figure 5 shows the positions of these proteins from the leaves of drought-stressed BrSp.
The changes in leaf proteins of BrSp (Table 3  and Fig. 5 ) corroborate with previous reports on the responses of plants to drought stress (Riccardi et al., 1998; Salekdeh et al., 2002) . Furthermore, the wide variation in sizes of the drought-responsive proteins detected was within the range reported for the dehydrin family of proteins (9 to 200 kDa) that are differentially expressed under dehydration stress (Close, 1996) . Drought regulation of dehydrin gene expression was observed in both drought-tolerant and drought-susceptible cultivars (Cellier et al., 1998) .
In the present study, the drought stressresponsive proteins were neither identified nor compared with stress-regulated proteins isolated from other plant species. However, recent identification and characterisation studies have demonstrated that most of the drought- ** Indicate significant differences between drought stressed and control treatments at 5 and 1% levels of probability, respectively, according to t-test. responsive proteins are related to metabolism, energy, protein biosynthesis, cell defense, signal transduction, transport, and lignification (Salekdeh et al., 2002; Rodríguez et al., 2006) . Also, evidences are unfolding in favor of a relationship between the accumulation of drought-induced proteins and physiological adaptation traits to water limitation (Riccardi et al., 1998) .
CONCLUSION
Drought stress significantly but differentially affected the growth and yield of the two contrasting genotypes. The numbers of pods per plant followed by seeds per pod were the most affected yield components under drought stress. Compared with BrSp, SEA 15 had larger number of reproductive sinks (pods and seeds) and higher harvest index under drought stress. Similar pod sucrose concentration found between the contrasting watering regimes for both genotypes imply that instead of sucrose availability per se, the capacity for utilizing the assimilate may have been differentially affected under drought stress. The reduction in seed starch accumulation of the genotypes due to the stress imposed exhibited marked differences. The decrease in seed starch accumulation of BrSp corresponded with decreased availability of the substrate (sucrose) whereas the decrease found for SEA 15 could be due to the inhibition of sink activity factors rather than sucrose availability. Among the sink capacity factors considered, drought-induced restriction on starch granule size expansion appears to be the major limiting factor for the observed reduced seed starch accumulation of the bean genotypes. Drought-responsive proteins of wide variation in size (within the range reported for the dehydrin family of proteins) were detected. These proteins are known to play significant role in physiological adaptation (metabolism, energy, protein biosynthesis, cell defense, signal transduction, transport, and lignifications) of the crop to drought situations. 
